Abstract: To persist, unisexual and asexual eukaryotes must have reproductive modes that circumvent normal bisexual reproduction. Parthenogenesis, gynogenesis, and hybridogenesis are the modes that have generally been ascribed to various unisexuals. Unisexual Ambystoma are abundant around the Great Lakes region of North America, and have variously been described as having all 3 reproductive modes. Diploid and polyploid unisexuals have nuclear genomes that combine the haploid genomes of 2 to 4 distinct sexual species, but the mtDNA is unlike any of those 4 species and is similar to another species, Ambystoma barbouri. To obtain better resolution of the reproductive mode used by unisexual Ambystoma and to explore the relationship of A. barbouri to the unisexuals, we sequenced the mitochondrial control and highly variable intergenic spacer region of 48 ambystomatids, which included 28 unisexuals, representatives of the 4 sexual species and A. barbouri. The unisexuals have similar sequences over most of their range, and form a close sister group to A. barbouri, with an estimated time of divergence of 2.4-3.9 million years ago. Individuals from the Lake Erie Islands (Kelleys, Pelee, North Bass) have a haplotype that demonstrates an isolation event. We examined highly variable microsatellite loci, and found that the genetic makeup of the unisexuals is highly variable and that unisexual individuals share microsatellite alleles with sexual individuals within populations. Although many progeny from the same female had the same genotype for 5 microsatellite DNA loci, there was no indication that any particular genome is consistently inherited in a clonal fashion in a population. The reproductive mode used by unisexual Ambystoma appears to be unique; we suggest kleptogenesis as a new unisexual reproductive mode that is used by these salamanders.
Introduction
Although sexual reproduction is the common reproductive mode used by metazoans, all-female populations have independently evolved in many diverse lineages. We consider a unisexual lineage to represent an all-female population, but some authors have used other terms (e.g., uniparental; Frost and Hillis 1990) . With a few notable exceptions listed by Normark et al. (2003) , empirical data have demonstrated that most unisexual lineages are short-term evolutionary phenomena. Rapid extinction of unisexual lineages supports theoretical hypotheses extolling the selective advantages of bisexual reproduction (Williams 1975; Maynard Smith 1978 . The combination of the catholic origination of unisexuality among many metazoan lineages with the short temporal existence of such lineages suggests that unisexuality is a constant but pervasive evolutionary process that might be difficult to appreciate by observing contemporary unisexual lineages. Recent advances in molecular techniques and phylogenetics have improved our understanding of the evolution of many unisexual lineages. A few of the many recent animal studies have examined unisexual crustaceans (Simon et al. 2003) , insects (Gómez-Zurita et al. 2006) , mollusks (Taylor and Foighil 2000) , fish (Mateos and Vrijenhoek 2002) , amphibians (Bogart 2003) , and reptiles (Fu et al. 2000) . Where data are available, the great majority of unisexual lineages are derived from hybridization events (Dawley and Bogart 1989; Judson and Normark 1996) , and ploidy elevation is prevalent among unisexual lineages (Otto and Whitton 2000) .
Approximately 80 unisexual vertebrates (Alves et al. 2001) have generally been allocated to 1 of 3 reproductive modes: parthenogenesis; gynogenesis; and hybridogenesis (Dawley and Bogart 1989; Avise et al. 1992) . Parthenogenesis and gynogenesis are genetically equivalent. Sperm is required to stimulate development of the eggs of gynogens, but is not incorporated, so the offspring are genetically identical to their mothers. Hybridogenesis is hemiclonal (Vrijenhoek et al. 1977 ); 1 genome is transmitted clonally and vertically but the other genome is removed and replaced de novo each generation. On the basis of observed or expected egg formation through respective mitotic or meiotic processes, there are 2 types of thelytokous reproductive modes among unisexuals: apomictic and automictic (Haccou and Schneider 2004) . Unisexuals, especially apomictic unisexuals, are often considered to be clonal asexuals (Janko et al. 2003) . Comparative studies of sexuals and unisexuals have improved our general understanding of reproductive processes, but unisexuals are not always asexual, and it is often difficult to categorize unisexuals into 1 specified reproductive mode.
Unisexuals in the North American salamander genus Ambystoma have variously been referred to as parthenogenetic (Uzzell 1969; Downs 1978) , gynogenetic (Macgregor and Uzzell 1964; Elinson et al. 1992) , ''hybridogenetic?'' (Avise et al. 1992) , hybridogenetic (Normark et al. 2003) , and both gynogenetic and hybridogenetic . They are thelytokous and automictic, and usually have a premeiotic doubling of their chromosomes (Macgregor and Uzzell 1964; Bogart 2003) . So far, 22 distinct diploid, triploid, tetraploid, and pentaploid unisexual Ambystoma are known to be syntopically associated with 1 or more of 4 morphologically distinctive species (Ambystoma laterale, Ambystoma texanum, Ambystoma jeffersonianum, and Ambystoma tigrinum) (Fig. 1) ; the unisexuals have an extensive range around the Great Lakes region of eastern North America (Fig. 2) . The genomic constitution, or genomotype according to Lowcock (1994) , of the unisexuals has relied on isozyme electrophoresis, using loci that have allozymes that differ among the 4 species. They are mostly homozygous within each species, and demonstrate heterozygous patterns in unisexual combinations (Bogart et al. 1985 Bogart and Klemens 1997) . More recently, genomic in situ hybridization was used to identify species-specific chromosomal constitution in some unisexuals (Bi and Bogart 2006) . Genomic in situ hybridization was also used to document intergenomic recombinations between homoeologous chromosomes in some populations of Ontario unisexual Ambystoma.
All data show that the diploid and polyploid unisexual Ambystoma have contemporary, hybrid nuclear genomes that include at least 1 A. laterale haploid chromosome complement. The isozyme data are consistent with multiple recent origins of unisexuals through recurring hybridization and backcrossing, which includes ploidy elevation (Bogart and Licht 1986; Bogart et al. 1985 Bogart et al. , 1987 Lowcock and Bogart 1989) . Assigning maternal ancestry to various unisexuals has focused on the matrilineally inherited mitochondrial genome (Kraus and Miyamoto 1990; Kraus et al. 1991; Hedges et al. 1992; Spolsky et al. 1992; Bogart 2003) . Phylogenies, based on mitochondrial data, show that the unisexuals, irrespective of their nuclear genome or ploidy level, all have a similar mtDNA genome that is distinctly different from any of the 4 ''parental'' species and would exclude all of them as candidates for a recent maternal ancestor of the unisexuals. Evolutionary trees, based on mtDNA data, provide evidence for an origination of the unisexual Ambystoma mtDNA lineage before the divergence of extant species for which genomes are nuclear inclusions (~5 million years) (Hedges et al. 1992; Spolsky et al. 1992) , so the unisexual Ambystoma have been included as a candidate ancient asexual clade of eukaryotes (Normark et al. 2003) . The unexplained paradox in these phylogenetic studies is that, despite this putative antiquity, only minor sequence divergence is observed among the unisexuals, which implies a recent origin. The paradox could be resolved if a recent female progenitor remains unsampled or is extinct (Avise et al. 1992) . Indeed, with a larger sampling of species, a new phylogeny (Bogart 2003) , based on sequences of a 680 bp segment of the cytochrome b and 16s mitochondrial genes, showed that 20 diploid, triploid, and tetraploid unisexuals, representing 9 genomotypes, form a monophyletic clade that is nested within a fifth species (Ambystoma barbouri), which, not surprisingly, was not included in previous mtDNA studies. Ambystoma barbouri was only recently recognized as a distinct and separate species from A. texanum (Kraus and Petranka 1989) , and has not been shown to be a nuclear genomic component of any unisexual. A hypothetical hybridization between an A. barbouri female and an A. laterale male, with subsequent genome loss, replacement, augmentation, and recurrent gynogenesis, would logically explain all of the empirical data (Bogart 2003) ; however, because there is no precedence for such a reproductive system, and because such a system has aspects of both gynogenesis and hybridogenesis, the unisexual Ambystoma continue to be considered an unusual hybrid complex with mixed reproductive modes.
We believe that the unisexual Ambystoma represent an important and unique reproductive system that expands the possibilities of both asexual and sexual processes. This study examines the evolutionary genetics of unisexual Ambystoma and the reproductive mode that is being used by these salamanders, and provides current theoretical expectations for a gynogenetic or hybridogenetic reproductive mode. To confirm previous observations of maternal inheritance and to focus on the temporal genetic relationship of unisexuals to each other, to the 4 possible sperm donors, and to A. barbouri, we compared sequences that included the highly variable control region (D-loop) and intergenic spacer region.
Although isozymes have proven to accurately identify genomic constitution in the unisexuals, the loci and allozymes useful for such identification are very conserved. It is not possible to distinguish between gynogenesis and hybridogenesis if the allozymes that could be maintained or changed among offspring are the same within a population and across populations. Isozymes could only be used to document hybridogenesis and gynogenesis in a few offspring, using sperm donor males in artificial crosses, the allozymes of which were male-specific and could be distinguished . That study could not refute the possibility that a particular genome, such as the A. laterale genome that is present in all unisexuals, is a relictual genome that is transmitted in a linear, clonal, or hybridogenetic fashion. Artificial crosses that produced relatively few viable progeny and that used males from different species or populations ) might not reflect the system being used in natural populations. Therefore, to address these questions and problems, we examined adults and larvae from natural populations, using highly variable microsatellite DNA loci (Julian et al. 2003) . If unisexual lineages are reproducing by gynogenesis, we would expect to find that unisexuals possess the same microsatellite DNA alleles among individuals having the same genomotype within the same pond and between ponds. Hybridogenetic individuals should have 1 common genome within genomotypes and in all individuals within an egg mass.
Materials and methods

Mitochondrial sequences
Primers F-THR and R-651 (Shaffer and McKnight 1996) were used to amplify the entire D-loop, intergenic spacer region, tRNA Pro , tRNA Phe , and part of tRNA Thr . We targeted this region because the same region was sequenced by Shaffer and McKnight (1996) to outline evolution in the A. tigrinum complex, and by Niedzwiecki (2005) to resolve a phylogeny of A. texanum and A. barbouri. McKnight and Shaffer (1997) focused on the intergenic spacer region, the most variable region of the mitochondrial genome in Ambys- Fig. 2 . Currently known range of unisexual Ambystoma in northeastern North America (shaded region), based on Bogart and Klemens (1997) , Selander (1994) , and unpublished data (J.P. Bogart 2007, unpublished data; J.P. Bogart and M.W. Klemens 2007, unpublished data) . X indicates the locations of the unisexuals used in this study. Localities are provided in Table 1. toma, to estimate genetic distances between representatives of the sexual species of Ambystoma, which includes A. texanum, A. laterale, A. jeffersonianum, and A. tigrinum . We identified the intergenic spacer region by aligning sequences published by McKnight and Shaffer (1997) with the sequences we obtained from unisexual and sexual individuals.
Total genomic DNA was extracted from muscle or liver tissues, using Promega Wizard Genomic DNA Purification Kits. We chose stored, frozen tissue samples from individuals that had previously been identified by isozymes and for which ploidy was confirmed by karyotype, blood cell analyses, and (or) flow cytometry. Most individuals were the same as those used in previous isozyme studies (Bogart et al. 1985 Bogart and Klemens 1997 ), but we also included more recently identified specimens to sample across the distributional range of the unisexuals. We included individuals of the 4 sexual species (Ambystoma laterale, A. jeffersonianum, A. texanum, and A. tigrinum) that were found to be sympatric with various unisexual populations. We chose specimens of A. barbouri from 4 populations on the basis of previous mtDNA data (Bogart 2003; Niedzwiecki 2005) : 1 was most similar to the unisexuals (Oldham County, Kentucky) and the other populations were more distantly related. Ambystoma maculatum was used as an outgroup (McKnight and Shaffer 1997) . Sequences were obtained from 48 individuals. The specimens, localities, and genomotypes are listed in Table 1. DNA was amplified using standard PCR methods with the annealing temperature optimized at 46 8C. The PCR products were purified using a Qiagen QIAquick PCR Purification Kit, and directly sequenced using Big Dye sequencing protocols (ABI) with an ABI 3730 automatic sequencer. The same primers were used for both PCR and sequencing. Sequences were edited using Sequencher (v. 3.1.1) and aligned using CLUSTALX (Thompson et al. 1994) . A maximum parsimony analysis was conducted with 1000 random step additions, using PAUP* Version 4.01b10 (Swofford 2001) . A Bayesian analysis was conducted using MrBayes (v. 3.1) (Huelsenbeck and Ronquist 2001) , and the GTR model was selected by Modeltest (version 3.06). Four Markov chains were used, and the dataset was run for 4 million generations to allow adequate time for convergence. Trees were sampled every 100 generations, and we used the last 10 000 sampled trees to estimate the consensus tree and the Bayesian posterior probabilities. Sequence divergence was quantified with nucleotide percentage differences among identified haplotypes.
Microsatellite DNA
Egg masses were collected in the spring of 2005 from 4 populations -Backus Woods (B), Deer Creek (D), Sudden Tract (S), and Waterdown Woods (W) -in southern Ontario that were known, from previous collections, to contain unisexuals. The larvae were hatched and raised in the laboratory until they reached a size where tail tips could be excised with no effect on survival. Many of the larvae that were used for microsatellites were also karyotyped and used by Bi and Bogart (2006) in a genomic in situ hybridization study. In the spring of 2006, adult individuals were captured close to or in the breeding pond (S) where egg masses were collected in 2005. Their tail tips were excised and stored in 70% ethanol until DNA extraction. Total genomic DNA was extracted using a Promega Wizard Genomic DNA Purification Kit. We used primers developed for A. jeffersonianum (Julian et al. 2003) to amplify 5 microsatellite DNA loci with tetranucleotide repeat motifs. The 5 loci were chosen on the basis of the allelic data provided by Julian et al. (2003) . Primers for locus AjeD378 only amplify A. jeffersonianum alleles. Primers for loci AjeD94 and AjeD346 amplify multiple alleles in both A. jeffersonainum and A. laterale, but have allelic size ranges with little overlap between those species. Therefore, microsatellite DNA alleles at these 2 loci can distinguish genomes of both species and the genomotype in unisexuals that include those genomes (Julian et al. 2003) . Microsatellite DNA alleles overlap in size range between the 2 species for loci AjeD283 and AjeD422. These loci, however, are highly variable, which provides additional genotypic information, and assist with ploidy determination. Forward primers for each locus were fluorescently labelled with tetramethyl rhodamine. DNA was amplified with standard PCRs for microsatellite DNA. The annealing temperature was optimized at 57 8C for loci AjeD94, AjeD346, and AjeD422, and was raised to 58 8C for loci AjeD283 and AjeD378. PCR products were electrophoresed on vertical 6% denaturing polyacrylamide gels alongside a Genescan-350 TAMRA size standard ladder. Gels were scanned with a Hitachi FMBioII imager, and were scored relative to the ladder using Hitachi FMBioII imaging software v. 1.5. Scoring was verified visually to ensure accuracy. PCRs of the same samples were repeated, and the position of the samples on the gel was changed to minimize scoring errors (Selkoe and Toonen 2006) . Genotypes of A. jeffersonianum and A. laterale were compared with those obtained from unisexual individuals within and between populations.
Animals were collected and cared for in accordance with the principles and guidelines of the Canadian Council on Animal Care (2003) . The use of specimens was reviewed and approved by a University of Guelph Animal Utilization Protocol (AUP 05R054).
Results
Phylogeny
Topologies of trees from our maximum parsimony and Bayesian analyses were identical in almost all aspects; we present only the latter in Fig. 3 . Our phylogenetic hypothesis shows that the unisexuals form a monophyletic clade with 100% bootstrap support and posterior probabilities of 1.00. The unisexuals share a most recent common ancestor with A. barbouri individuals from a population in Kentucky. Individuals that were sequenced from unisexual populations in Connecticut, Indiana, Maine, Michigan, New York, Ohio, Ontario, Pennsylvania, and Quebec were all found to have the same haplotype (B), which is correlated to neither the genomotype nor the ploidy. Single nucleotide mutational changes were found in unisexual individuals from Ontario (n = 1), Michigan (n = 1), and New York (n = 1) (haplotypes A, C, D, respectively). Three New Jersey unisexuals had the same haplotype (E), which differed from the main unisexual haplotype (B) by 3 nucleotides. Unisexuals from the Lake Erie Islands, (Kelleys, Pelee, North Bass) share a haplotype (F), which differs by 5 nucleotides from the main unisexual clade. Sexual individuals that represent the species for which nuclear genomes are included in the unisexuals all formed clades that show distant relationships to the unisexuals. The sequence divergence between A. barbouri individuals from Ohio and Kentucky is greater than that observed between the unisexuals and A. barbouri from Kentucky (Table 2) . Pelee Island A. laterale has a haplotype that differs by 5 nucleotides from mainland (Quebec and New Jersey) A. laterale, but Kelleys Island A. tigrinum and A. texanum align closely with mainland populations. Sequences from 4 specimens of Pelee Island A. texanum all differ by 1 to 3 nucleotides, but form a monophyletic clade that is sister to the Kelleys Island and mainland A. texanum samples. Table 2 summarizes the pairwise distances that were calculated between the major clades in Fig. 3 for the control region and intergenic spacer sequences.
Microsatellite DNA
Ninety-nine A. jeffersonianum (JJ) and A laterale (LL) microsatellite DNA alleles from 5 polymorphic loci were recovered from 214 larvae hatched from 29 egg masses at 4 different sites (Table 3) , and from 42 adults from 1 of those sites (Sudden Tract, Table 4 ). A summation of the observed frequencies of microsatellite DNA alleles is provided in Table 5. Three egg masses contained only JJ larvae (S12, S13, and S14) (Table 3) , and 26 were unisexual egg masses. No egg masses were found for A. laterale because that species does not produce distinct egg masses (Petranka 1998) .
Most unisexual larvae were triploid and had the same genotypes within egg masses. Masses from Waterdown and Deer Creek, where A. laterale has never been found, were triploid A. laterale-2 jeffersonainum (LJJ) unisexuals, but tetraploid LJJJ larvae were encountered in 3 egg masses (W2, W5, D3). Both A. laterale and A. jeffersonianum are known to occur together in Backus Woods (unpublished data) and Sudden Tract (J. Feltham 1997, personal communication) . Egg masses collected in those populations were diploid A. laterale-jeffersonainum (LJ) (S10, S11), triploid A. 2 laterale-jeffersonainum (LLJ) (B3, S6, S7 to S9), and triploid A. laterale-2 jeffersonianum (LJJ) (B1, B2, S1 to S5). Only 1 LJJJ tetraploid was found in an egg mass with LJJ in Backus Woods (B2). Sudden Tract tetraploid larvae were LLJJ (S1, S2), LLLJ (S6, S7), and LJJJ (S4). A triploid LLJ larva was found in a Sudden Tract diploid A. laterale-jeffersonianum (LJ) egg mass (S10). Although larval genotypes were mostly consistent within unisexual egg masses, only 2 egg masses (D6, D7) had identical genotypes for all individuals at all 5 loci. Each larva in the A. jeffersonianum egg masses had a different genotype. Only 2 of the 42 adult individuals from Sudden Tract (LJ 37157, LJ 37159) (Table 4) had the same genotype. Adult unisexuals were diploid LJ (n = 10), triploid LJJ (n = 11), and triploid LLJ (n = 9). All of the A. jeffersonianum adults were male (n = 8). Two male and 2 female A. laterale were sampled.
Discussion
The temporal relationship of the unisexual Ambystoma to A. barbouri
Our sequence data are consistent with a single origin for unisexual Ambystoma. The resulting phylogenetic tree ( Fig. 3) clearly shows that the unisexuals, irrespective of genomotype or ploidy, form a monophyletic clade that is a sister group to a western clade (Niedzwiecki 2005) of A. barbouri from south of the Ohio and west of the Kentucky Rivers in central Kentucky. The deep divergence between the 2 sister groups suggests an ancient origin of the unisexual lineage. Shaffer and McKnight (1996) calibrated a control region (D-loop) sequence evolution of 1.0% to 1.5% per million years for the A. tigrinum complex that was based on the separation of Ambystoma californiensis from other tiger salamanders by the beginning of the Sierran uplift about 5 million years ago. Our calculated control region pairwise distance between the main unisexual clade and Kentucky A. barbouri was 3.91% (Table 2) . Thus, assuming neutrality and equal substitution rates, the unisexuals and Kentucky A. barbouri shared a common ancestor 2.4 to 3.9 million years ago. In his comprehensive study of A. barbouri and A. texanum that included sequences from the same mtDNA region used in our study, Niedzwiecki (2005) sampled 23 populations, representing the entire range of A. barbouri. None of the haplotypes that he found was more similar to the unisexuals than the Kentucky A. barbouri sequenced here, so it is unlikely that a significantly more recent common ancestor exists.
The intergenic spacer has a substitution rate that is about 3 times faster than the usually rapidly evolving control region (McKnight and Shaffer 1997); we also found that the intergenic spacer region had a greater substitution rate than the control region (Table 2 ), but the difference varied from about the same substitution rate for Ohio and Pelee A. texanum (2.02 vs. 2.08) to more than 3 times the rate between A. barbouri or A. texanum and A. tigrinum. The mutation rate between Kentucky A. barbouri and the unisexuals was about twice as high (7.51) in the intergenic spacer as in the control region. Revising the earlier estimated age of the unisexual lineage (Hedges et al. 1992; Spolsky et al. 1992) from~5 to~3 million years would still include the unisexual Ambystoma with other ancient mtDNA lineages, and would be the only chordate so designated (Normark et al. 2003) .
The unisexuals on the Lake Erie Islands (Pelee, Kelleys, North Bass) all share a haplotype (F), which is slightly differentiated (5 nucleotides) from the mainland unisexuals (haplotype B). A. laterale from Pelee Island also has a different haplotype, one that diverges from mainland A. laterale by 5 nucleotides. A. laterale has never been found on Kelleys Island (King et al. 1996) , even though the unisexuals on Kelleys Island have several genomotypes that all include 1 A. laterale genome . A. tigrinum on Kelleys Island shares an identical haplotype to mainland Ohio A. tigrinum. The 4 Pelee Island A. texanum have slight sequence diversity on the island but form a monophyletic clade that is sister to mainland Ohio and Kelleys Island A. texanum. The Lake Erie Islands have only been isolated from the mainland for about 4000 years (Calkin and Feenstra 1985) . If the unisexuals were isolated on the islands when the water levels rose in Lake Erie, it is conceivable that the divergent sequences reflect this isolation. This same situation would prevail for A. laterale that was isolated on Pelee Island but, apparently, not for A. texanum or A. tigrinum on Kelleys Island. Bogart (2003) , and proposed that the unisexual Ambystoma were very recently derived from a putative hybridization event that took place about 25 000 years ago. This hypothesis was largely based on 1 haplotype of A. barbouri that was not used by Bogart (2003), and was found to have an identical cytochrome b sequence to that found in most unisexual individuals.
Our data do not support such a recent origin. We sequenced 1106 bp of the same fragment of the mitochondrial genome that was sequenced and calibrated by Shaffer and McKnight (1996) in their analysis of the A. tigrinum complex, and by Niedzwiecki (2005) for his comprehensive phylogeographic study of A. barbouri and A. texanum. All these sequences included the intergenic spacer region that was also sequenced from representatives of all known bisexual ambystomatid species in North America (McKnight and Shaffer 1997) . Our calculated time of divergence (Table 2) is based on the calibration by Shaffer and McKnight (1996) , which was also used by Niedzwiecki (2005) .
This large discrepancy (25 000 years and~3 million years) is difficult to understand because, in our analysis, we included the same specimen of A. barbouri (JPB 34343; Table 1, Fig. 3 ) that was found to have an identical cytochrome b sequence to unisexual individuals. It is well known that the rate of mutation varies for different genes in the mitochondrial genome, but the cytochrome b gene is not highly conserved in other Ambystoma (Samuels et al. 2005 ), so we did not expect so much variation in the mutation rate between these 2 mitochondrial regions. It is possible that some mitochondrial genes in unisexual individuals are under some unknown selective pressure. Even in normally bisexually reproducing organisms, Ballard and Whitlock (2004) caution the use of mitochondrial DNA genes as neutral markers in phylogenetic reconstruction without corroborative data, normally obtained by comparing mtDNA and nucDNA genomes. Such comparisons cannot be applied to unisexual individuals that possess recently derived nuclear genomes from different sperm donors.
A hybridization event that initiated a unisexual lineage about 3 million years ago would be a logical consequence of speciation events that are believed to have occurred in the Pliocene for other salamander complexes. Based on genetic distances calculated from allozyme frequencies, Highton (1995) hypothesized that 22 species of the Plethodon glutinosis group had a common ancestor in the Pliocene and that 7 species of the Plethodon cinereus group shared a common ancestor at this time. P cinereus and P. glutinosis rapidly expanded into northern uninhabited glaciated areas only during the last 12 000 years (Highton et al. 1989; Highton 1995 (Fig. 2) is strikingly similar to that of the P. glutinosis complex (Highton et al. 1989 : Fig. 3) , and the very low sequence diversity that we found in unisexual individuals from populations in distant localities parallels the genetic identity (I = 0.975) that Highton et al. (1989) found between populations of the P. glutinosis complex.
Lack of support for a single consistent genome in the unisexual lineage
Isozyme data (Bogart 1982 , Lowcock and Bogart 1989 , Bogart and Klemens 1997 provided evidence that genomes in unisexuals possess rare allozymes that are also present in sexual individuals within the same populations. Because all unisexuals have virtually the same mtDNA, which is distinctly different from any of the 4 possible hybridizing parents, the hypothesis that recurrent hybridization of sexuals produces unisexuals that contain rare alleles must be rejected. Genome replacement, or hybridogenesis, is the most likely explanation, but this phenomenon is difficult to assess based on a few rare allozymes. In addition, because most rare allozymes found in unisexual individuals exist in a heterozygous condition, it is possible that only 1 of 2 homologous genomes in a triploid unisexual can be exchanged, and that the other is somehow preserved. Alleles at highly variable microsatellite loci have a distinctive advantage over much more conservative isozyme loci to investigate nuclear genomes in this salamander complex. They have been used to resolve parentage in A. maculatum (Myers and Zamudio 2004) , and we found that they can be used to reject a strictly clonal mode of inheritance in unisexual salamanders.
All known unisexuals have at least 1 A. laterale genome (Bogart 2003) . Therefore, we expected to find a common pattern for A. laterale microsatellite DNA alleles that was similar to the pattern observed using isozymes. This pattern should be most easily observed among unisexuals in populations where A. laterale does not exist, such as Waterdown Woods and Deer Creek, because if hybridogenesis was the reproductive mode used, all hemiclones should include the same A. laterale genome. A. laterale microsatellite DNA alleles are most easily identified using primers for AjeD94 and AjeD346 (Julian et al. 2003) . From Table 3 , unisexual larvae from Waterdown egg masses had 2 A. laterale alleles (150, (Table 5) ; this probably reflects the much larger sample size obtained from that population. Only 2 of 38 A. jeffersonianum alleles (212 at locus AjeD 346 and 244 at locus AjeD378) that were found in A. jeffersonianum were not also found in the unisexuals (Table 5) , and all 17 microsatellite DNA alleles recovered from the 4 A. laterale individuals were shared with the unisexuals. There was no particular genomotype that was obviously different with respect to ''private'' alleles in any population, and this is particularly evident among the Sudden Tract unisexuals where LJ, LLJ, and LJJ coexist. Some alleles might be confined to a particular population (Table 5) . Allele 154 at locus AjeD94, and alleles 284, 288, 292 at locus AjeD378 were only found in Waterdown. Allele 280 at locus AjeD378 was only found in Deer Creek. We cannot dismiss sampling error as a possible reason that these alleles were not found in the other populations. For example, A. laterale allele 146 at locus AjeD94 was not recovered from the 4 adult A. laterale sampled at Sudden Tract, but A. laterale possessing that allele must be present in that population because it appears in tetraploids from egg masses S2 and S7 (Table 3) as a male A. lateralederived additional allele in the 3n to 4n ploidy elevation observed in those egg mass. That same allele is present in adult LJ, LLJ, and LJJ individuals in Sudden Tract.
Incidence and implications of ploidy alterations
The additional alleles in ploidy elevated larvae (Table 3) were not included in the frequency analysis (Table 5) because, for frequency comparisons, each egg mass was treated as a single individual that was presumed to be the female genomotype. This allowed the egg masses to be compared with adults in the populations. Most alleles assigned to a ploidy elevation event (* in Table 3 ) were also found in the adult analysis (Table 4) . Ploidy elevation is known to occur in some offspring of individual unisexual females, especially at elevated temperatures ), but finding LJJ triploids and LLJJ tetraploids in egg masses S1 and S2 (Table 3) is important new information because LLJJ is a very rare genomotype (Bogart and Klemens 1997) ; this demonstrates that A. laterale is an acceptable sperm donor for LJJ unisexuals, even in a pond where A. jeffersonianum exists.
Ploidy reduction is also a possible explanation for mixed ploidy in the same egg mass; although the female that laid the eggs is unknown, at some microsatellite loci, the tetraploid progeny have different genotypes (e.g., S1, S2, S7), meaning a putative sperm donor must have been heterozy- (J) . The number of larvae within an egg mass that have the same genomotype is indicated in parentheses. Alleles known to be from A. laterale are shown in bold. Ploidy is determined by the greatest number of alleles at any locus (e.g., LJJJ would be a tetraploid larva with 1 A. laterale genome and 3 A. jeffersonianum genomes).
*Additional alleles that resulted in ploidy elevation.
gous. Ploidy reduction is, however, a possible mechanism to explain the presence of the relatively rare diploid LJ unisexuals across the range of the unisexuals. Only 84 LJ individuals were found in 1002 specimens sampled by Bogart and Klemens (1997) . Based on lampbrush bivalents (Bogart 2003) , unisexual females mostly produce unreduced eggs, but eggs of reduced ploidy are also produced. The fate and viability of such eggs is unknown. Finding 10 adult LJ at Sudden Tract in about equal numbers to LLJ and LJJ (Table 4) is very unusual. Eight of 10 larvae from egg mass S10 are diploid LJ unisexuals; the triploids are LLJ. If the female was triploid LLJ, the same L genome with allele Note: NA, no amplification of alleles for the individual at this locus. Genomotypes include A. laterale (L) and A. jeffersonianum (J) genomes. The catalogue numbers for each specimen refer to voucher specimens in the collection of J.P. Bogart (J.P.B.). Most vouchers are tail-tip samples and (or) extracted DNA. Alleles known to be from A. laterale are shown in bold. Ploidy is determined by the number of alleles at a locus (e.g., LJJ would be a triploid individual with 1 A. laterale and 2 A. jeffersonianum genomes).
*Primers for locus AjeD378 only amplifies A. jeffersonianum alleles. Fig. 4) . It is possible that the egg mass contained eggs from 2 females; however, 1 offspring was a tetraploid that possessed both alleles 142 and 146 for locus AjeD94, so the sperm donor for that female must have provided the extra allele. On the basis of the genotype frequency of the progeny in this egg mass, we assume that the female had the common genomotype, so the male would have contributed allele 146 for locus AjeD94.
Lack of support for a clonal mode of reproduction
One common genotype for each genomotype would be consistent with a gynogenetic mode of reproduction. Other than ploidy elevation events, the egg mass data demonstrated that most offspring within an egg mass had the same genomotype, but only 2 egg masses had the same microsatellite alleles for all loci (D-6 and D-7) (Table 3) , and even this could be an artefact. Based on the number of eggs a female can lay (~300) and the number of eggs found in unisexual egg masses (~80), female unisexuals lay more than 1 egg mass. We tried to sample egg masses in different areas of the ponds to avoid sampling egg masses from the same female, but it is possible that egg masses D-6 and D-7 were laid by the same female. In Sudden Tract, where both egg masses and adult unisexuals were sampled, no egg mass had the same genotype as a sampled adult for all microsatellite DNA loci, but the alleles at some loci were the same (e.g., S-1 and S-2). Only 2 of 30 unisexuals adults (LJ 37157 and LJ 37159) (Table 4) had the same genotype. We were surprised to find the same microsatellite DNA alleles in 3 genomotypes (LJ, LLJ, LJJ) among the sampled adults at Sudden Tract (Table 4) , and this observation would certainly be difficult to explain if LLJ and LJJ are independent clonal lineages (Uzzell and Goldblatt 1967) . Microsatellite DNA allele frequencies (Table 5) show that most alleles are shared between sexual and unisexual individuals in the populations we sampled.
Our data revealed some other unexpected results that could be related to microsatellite DNA behaviour and evolution. Four different tetraploid microsatellite DNA genotypes were found in offspring from egg mass W-5, and we assume that the female was a triploid LJJ. The male sperm donor must have been A. jeffersonianum that was heterozygous 194/198 for locus AjeD94, heterozygous 168/176 for locus AjeD346, and was possibly homozygous for allele 248 at locus AjeD422; however, primers used for locus AjeD378, which only amplifies A. jeffersonianum microsatellite alleles, had genotypes that suggested that the male was heterozygous 232/268 for locus AjeD378. Neither of those alleles was found in the other 2 tetraploids from that egg mass. There are other examples of unexpected allele loss or a microsatellite DNA mutation in some progeny of the egg masses (S-1, S-2, S-6, S-8).
Many of the larvae that were used for microsatellite DNA analyses in our study were also used in a karyotypic study (Bi and Bogart 2006 ). Chromosome counts confirmed ploidy level, which was also determined by the possession of 4 microsatellite DNA alleles at a locus. Florescent chromosome probes also confirmed the genomotypes. Diploid, triploid, and tetraploid karyotypes were found among the larvae. No mosaic or anueploidy individuals were encountered. Large intergenomic exchanges were documented to occur between homeologous chromosomes in larvae from other populations. None of the larvae examined from Sudden Tract or Backus Woods had such exchanges. Smaller exchanges, which might have involved microsatellite loci or flanking regions, could easily escape detection using genomic in situ hybridization techniques, so it is possible that our unexpected microsatellite observations are somehow related to chromosomal mutations.
A much larger sample of progeny from genetically known females from many populations will be necessary to appreciate and quantify the possible genomic interactions that can occur within the unisexuals, especially those that incorporate A. texanum and (or) A. tigrinum genomes, but we were surprised to find such microsatellite DNA diversity in our initial investigation. It is evident that egg masses within a pond do not have identical microsatellite DNA alleles for the loci we examined and, based on the additional alleles incorporated from A. laterale or A. jeffersonianum males found in ploidy-elevated tetraploids and among the A. jeffersonianum larvae, unisexual individuals have alleles that are also present in sexual individuals within each population. Additional alleles found in unisexual individuals that were not found in the sexual individuals are possibly explained by an incomplete sampling of alleles among the sexual individuals. We cannot rule out dispersal and immigration of unisexual females as a source of new alleles among the unisexuals in a pond, but we also cannot support the hypothesis of a common ''clonal'' unisexual genotype within or between populations. Isozyme data show that, when only 1 sexual species is found in sympatric association with a triploid unisexual, the unisexual triploid has 2 genomes of that sexual species (Bogart and Klemens 1997) . Our microsatellite DNA data confirm that finding in Waterdown and Deer Creek, where A. jeffersonianum is the only sexual sperm donor in those populations. Backus Woods and Sudden Tract are unusual populations, in that they have both A. laterale and A. jeffersonianum. In such populations, it is possible for an A. jeffersonianum genome to be replaced with an A. laterale genome, or that an A. 2 jeffersonianum-laterale (LJJ) unisexual could produce A. jeffersonianum-2 laterale (LLJ) larvae. Our finding of LLJJ and LJJ larvae in the same egg mass (S-1 and S-2) provides evidence that A. laterale can be used as a sperm donor for LJJ unisexuals, and the switch from an LJJ population to an LLJ population could possibly occur in a relatively short time if A. jeffersonianum were to be displaced by A. laterale.
Reproductive mode
Our data show that the unisexual Ambystoma are neither asexual nor parthenogenetic. If unisexual Ambystoma lineages were perpetuated and maintained by parthenogenesis, with (gynogenesis) or without sperm activation, we would expect to find the same microsatellite DNA alleles among individuals in several egg masses within a breeding pond and among unisexual individuals from different ponds. Only 2 of 26 unisexual egg masses and only 2 of 30 unisexual adults from the same population had the same microsatellite genotypes. As well, the same microsatellite DNA alleles found in sympatric A. jeffersonianum and A. laterale were also found in the unisexuals. If the unisexuals were hybridogenetic, we would expect to find a common genome (laterale or jeffersonianum) transmitted in a clonal fashion. On the basis of the microsatellite DNA alleles, evidence for a common genome is lacking. There are fewer A. laterale alleles among the individuals from egg masses in ponds where A. laterale has not been found; however, different A. laterale alleles were found among offspring from different egg masses even in those populations. It is surprising that the previous isozyme data did not reveal more genomic variation. (lanes 14, 16, 19, 20, 21, 48) , and LLJ (lanes 17, and 18).
Our microsatellite DNA data have concentrated on 2 of the 4 species in the unisexual Ambystoma complex; additional data are required to confirm a similar pattern among all of the unisexuals. On the basis of the sequence data (Fig. 3) , all the unisexual Ambystoma individuals that we sampled share a common maternal ancestor with A. barbouri 2.4 to 3.9 million years ago. The allozyme and microsatellite DNA allele data show that nuclear genomes are taken from sympatric males within populations and are incorporated into the diploid or polyploid nuclei of unisexual individuals. But, unlike hybridogenesis, the male-derived nuclear genomes are, evidently, not kept intact nor are they eliminated at the ensuing meiotic event. This reproductive strategy appears to be unique and, based on the wide range and large population densities of unisexual populations of Ambystoma (Selander 1994; Bogart and Klemens 1997) , very successful. Contemporary nuclear genomic hybrids possessing an unrelated mitochondrial genome is a difficult concept to accept, and unisexual populations of Ambystoma are generally relegated to the general category of ''hybrids'' (Duellman and Trueb 1986; Conant and Collins 1998; Petranka 1998) , which, in addition to the mitochondrial/nuclear DNA discrepancy, raises range-related questions, because the unisexuals are rarely found in ponds with more than 1 possible sperm donor. Dubois and Günther (1982) proposed the use of Klepton and Synklepton as systematic categories for unisexual organisms that did not fit a biological species concept category. They included unisexual populations of Ambystoma as candidates for such a system, and operated under the assumption that the salamanders were gynogenetic or clonal and possessed an ancestral maternal genome for each lineage. We believe that the symbols L, J, T, and Ti in various combinations, as suggested by Lowcock et al. (1987) , convey more useful systematic information. We do, however, see the merit in using kleptogenesis as a reproductive method (kleptěs, Greek for thief and gen, be produced). Individual unisexual Ambystoma do steal genomes from sympatric males and, based on their ranges and population densities, unisexual individuals derive adaptive benefits from this activity. Therefore, we propose the term ''kleptogenesis'' as a descriptor for the reproductive mode used by females in unisexual populations of Ambystoma. The end product of that process would be the various ''kleptogens'' that all have a similar mtDNA genome but possess nuclear genomic DNA derived from their sympatric association with particular sexual species.
Conclusion
Parthenogenesis, gynogenesis, and hybridogenesis are the currently accepted reproductive modes (Dawley and Bogart 1989; Avise et al. 1992 ) that unisexual eukaryotes use to circumvent ''normal'' sexual reproduction and to persist. Each of these modes has testable genetic consequences. We found that the unisexual Ambystoma do not comply with any of these reproductive modes. Previous studies that, understandably, assumed the female progenitor of the unisexuals to be one or more of the 4 species that contributed nuclear genomes to the unisexuals, found the unisexuals to be closest but still distantly related to A. texanum. A. barbouri is a closer ancestor to the unisexual lineage of Ambystoma but, at an estimated divergence time of 2.4 to 3.9 million years, the unisexual lineage would still be considered ancient (Normark et al. 2003) . On the basis of microsatellite DNA alleles recovered from larvae hatched from discrete egg masses, gynogenesis is probably used as a reproductive mode for many progeny produced by individual unisexual females, but those same alleles also demonstrated genetic variation within and between egg masses in the same ponds, and do not support a strictly clonal mode of reproduction. Hybridogenesis was also rejected because no single genome was found that could have been inherited in a clonal or hemiclonal fashion. We believe that the unisexual Ambystoma exemplify a new unisexual reproductive mode, kleptogenesis. Kleptogens would be females that maintain a common cytoplasm but have a flexible nuclear genomic constitution. They acquire genomes from males of species that are compatible with their cytoplasm. The sperm nucleus may or may not be incorporated to increase ploidy level or to replace a genome. A kleptogen would benefit from stealing genomes that contain genes that are highly adapted to a particular environment, as well as being able to purge genomes that have deleterious alleles. Kleptogens would have the known cost of requiring and encountering suitable males in femaledominated populations, and the unknown costs of intergenomic interactions or epistasis between unrelated genomes. Understanding the process used by unisexual Ambystoma should provide a better focus for future research in this ''complex'', and knowing that such a system exists in unisexual vertebrates might stimulate a search for a similar system in other eukaryotes.
